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The intensive research on the bio-applications of graphene and 
derivatives are leading to many technological applications. 
Graphene Oxide (GO), for its unique 2-D structure and its 
physical/chemical properties, has attracted increasing interest 
over the last years in the fields of drug/gene delivery, biological 
imaging and antibacterial treatments. Together with these great 
potential on the biomedical applications, several aspects about 
graphene toxicity mechanisms including oxidative stress, cutting 
off intracellular metabolic routes and cell membrane rupture must 
be carefully evaluated. In this work we demonstrate that the GO 
flakes, able to disrupt the erythrocytes plasma membrane, greatly 
reduce their hemolytic activity after interacting with plasma 
proteins. 
Introduction 
Graphene, as a graphitic nanomaterial, is a flat monolayer 
made of sp
2
-bonded carbon atoms tightly packed in a 
honeycomb lattice. As a result of these fascinating properties 
graphene offers some important advantages for 
biotechnological applications, especially in the areas of 
bioelectronics, biosensors and medicine
1,2
. However, the 
merging of graphene and biotechnology is in its infancy, with 
many challenges remaining. One of the most important 
aspects still open is the graphene toxicology and therefore its 
potential risk, in light of the increased use and likelihood of 
exposure
3-5
. Graphene flakes physicochemical properties must 
be examined in detail to create the correct design rules and to 
begin interpreting any results due to graphene-induced 
toxicity. Because this material is relatively new and the specific 
properties that influence cellular toxicity are still not fully 
understood, a thorough characterization is essential. 
Graphene oxide (GO), the disordered analogue of crystalline 
graphene, is highly oxidized with large numbers of residual 
epoxides, hydroxides and carboxylic acid groups on its surface. 
GO allows higher interaction with a wide range of organic and 
inorganic materials because of its oxygen-containing functional 
groups
6
. Various biomedical applications were proposed based 
on the physical and chemical properties of GO such as drug 
and gene delivery. However nanomaterials for delivery in the 
bloodstream have to be studied in light of the interaction and 
lysis of the erythrocytes. Recently a concentration-dependent 
GO toxicity in human erythrocytes has been reported
7
. 
Erythrocytes toxicity has been assessed by measuring 
hemolysis, i.e. the release of hemoglobin upon cell lysis, under 
various exposure conditions. Involvement of the reactive 
oxygen species (ROS) generated by GO and the direct contact 
interaction of extremely sharp edges of graphene nanowalls 
with cells membranes are reputed the main mechanisms 
involved in GO flakes cytotoxicity
4,7-10
. It has been also 
observed that coating GO with chitosan or amine nearly 
eliminated its hemolytic activity demonstrating that particle 
size, particulate state, oxygen content and surface charge of 
graphene have a strong impact on biological/toxicological 
responses on red blood cells
7,11,12
.  
In this work we investigate the cytotoxicity of GO flakes in 
human erythrocytes taking into account that, after the 
injection in the bloodstream, they are exposed to a wide range 
of plasma proteins. This phenomenon significantly affects the 
fate of GO in biological systems including its cellular uptake 
and consequent toxic responses. GO flakes pristine surfaces 
are immediately covered by biomolecules (proteins, lipids, 
enzymes) upon their entrance into a biological medium. These 
coated surfaces confer a new “biological identity” to the 
nanosystem consisting of hydrophilicity/hydrophobicity, 
surface charges and topography
13
. This new identity 
determines the biological responses at the cellular and tissue 
level. Because of their high specific surface area, the carbon 
family of nanomaterials, including graphene, possesses 
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Experimental 
To obtain different GO flakes sizes a GO solution at 200 µg/ml 
(Graphenea) was sonicated for 1, 5, 10, 20 minutes with a 
probe-sonicator at 50 W (VC50 Sonics and Materials UK). 
Sonicated solutions were centrifuged at 16000 g for 5 minutes 
and pellets were resuspended in saline buffer. To induce the 
formation of protein corona on the GO flakes (GO+PC), GO 
sonicated samples were incubated in ice bath (1 hour), and 
subsequently at 37°C (1 hour) with 10 µl of plasma from fresh 
Litio Epharin stabilized human whole blood. Human whole 
blood was obtained by venepuncture of ten healthy volunteers 
at the Policlinico Gemelli of Rome in accordance with the 
institutional bioethics code. Formation of a protein corona on 
the GO-flakes was assessed by Transmission Electron 
Microscopy (TEM), Dynamic Light Scattering (DLS) and ζ-
potential.  DLS and ζ-potential of samples were performed 
with Zetasizer Nano ZS (Malvern, Herrenberg, Germany). The 
ζ-potential was calculated from the electrophoretic mobility by 
means of the Henry correction to Smoluchowski’s equation
16
 
and the size distribution was calculated by using the 
regularized Laplace inversion of the light scattering intensity 
autocorrelation function
17
. TEM  (Zeiss Libra 120) was used to 
visualize GO and GO+PC structures stained with uranyl acetate 
as described elsewhere
18
. Atomic Force Microscopy (AFM) 
(NanoWizard II, JPK, Germany) was used to measure the 
thickness of GO and GO+PC samples.  
Haemolytic effects were investigated by spectrophotometric 
measurements and confocal imaging. Briefly, 1 ml of whole 
blood was diluted and centrifuged at 500 g for 5 minutes to 
isolate Red Blood Cells (RBC) from serum. To test the 
haemolytic activity of both GO and GO+PC, 0.2 ml of diluted 
RBCs solution was added to 0.8 ml of GO and GO+PC solutions 
and let interact at 37°C for 3 hours. RBC in double distilled 
water (ddH20) and RBC in saline buffer were used as positive 
and negative control, respectively. After incubation the 
samples were centrifuged at 4000 g for 5 min and the 
supernatant recovered. The haemoglobin absorbance in the 
supernatant was measured at 540 nm and the Haemolysis was 
calculated as follows: 
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Where sample540nm, negControl540nm and posControl540nm are 




Hematoxylin–eosin stained erythrocytes were imaged with a 
CARV II spinning-disk microscope (Crisel Instruments, Rome, 
Italy).  
 
Results and discussion 
In Fig. 1a and Fig. 1b we reported the intensity-weighted size 
distribution of GO and GO+PC hydrodynamic radius (RH) 
respectively at different sonication times (1, 5, 10 and 20 
minutes). Distributions indicate that GO+PC sheets are 
systematically larger than native GO sheets. The increased 
value of the GO+PC RH clearly manifests the presence of a huge 
amount of plasma proteins absorbed on the GO surfaces. 
Representative TEM images of a smooth and planar GO-sheet 
and of a rough GO+PC sheet with proteins absorbed are shown 
in insets of Fig.1a and Fig.1b respectively.  In Fig.1c the mean 
value of RH of GO and GO+PC at different sonication times is 
reported. Clearly there was a reduction of RH with the increase 
of sonication time in both cases ranging from 660nm to 100nm 
and from 2260nm to 211nm for GO and GO+PC respectively. 
The ζ-potential values of native GO sheets and GO+PC samples 
at different sonication times are reported in fig 1d. As 
expected, GO samples show a higher ζ-potential (about      --20 
±1 mV) than GO+PC
19
 (about -8 ±1 mV).  
However the ζ-potential values do not change significantly 
with the sonication time growing. This result suggests that in 
all the experimental conditions the plasma proteins forming 
the protein corona completely cover the GO flakes. 
The morphology of GO with and without protein corona was 
investigated by AFM (Fig. 2a and Fig.2b). Sonication did not 
affect flakes morphology that remains planar and smooth in 
the GO case or rough in the GO+PC case. In Fig. 2c and 2d line 
profiles of GO flakes are plotted: GO sheet height is 
approximately 0,9nm (Fig. 2c), while height comprised 
between 5nm and 10nm were measured for GO+PC, indicating 




Fig. 1 Intensity weighted radius distribution function (PdI) of GO (a) and GO+PC 
samples (b). TEM images of GO sheet and GO+PC sheet are shown in insets 1(a) 
and 1(b) scale bar is 150 nm. The mean value of hydrodynamic radius and its 
standard deviation, at different sonication time, are reported in fig.1(c) of both GO 
(black squares) and GO+PC (red dots) samples. In fig. 1(d) values of ζ-potential at 
different sonication times are reported. 
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In Fig. 3a a photograph of RBCs samples after 3h exposure to 
GO (first row) and GO+PC (second row) is reported. The 
incubation of GO samples with RBCs revealed a very high 
haemolytic activity of the GO flakes, visible from the red colour 
due to the breaking of RBCs membrane and the consequent 
haemoglobin release. This effect appears to be strongly 
reduced for GO+PC showing that the presence of protein 
corona limits the haemolytic activity of GO on RBCs for every 
flake size considered. In Fig.3b the UV-VIS spectra of GO 
samples at different sonication times are reported. The 
absorbance increased with sonication time, reaching the 
maximum value with the negative control sample. The 
variation of absorbance was from 0,9 (1 minute of sonication) 
to 1,8 (negative control). Moreover the spectra showed the 
typical features of heme absorption spectrum with two 
maxima at 540nm and 580nm, demonstrating that the 
haemoglobin in the RBCs was released in the supernatant after 
incubation with GO. In Fig. 3d the UV-Vis spectra of GO+PC 
samples at different sonication times are reported; absorbance 
was lower than that of native GO samples, due to the lower 
concentration of free haemoglobin in the supernatants. 
Moreover the features of heme absorption were not present 
and no maxima were visible at 540 nm and 580 nm. In this 
case a little variation of absorbance of GO+PC samples, from 
0,05 (positive control) to 0,15 (20 minutes sonication) was 
observed with increasing sonication time. In fig.3(c) a 
histogram indicating the percentage of haemolysis for both GO 
and GO+PC samples, calculated by Eq.1, was reported. Clearly 
there was an increase of haemolysis percentage as regards GO 
samples, from approximately 60% to 80%, linked to the GO 
flakes size reduction. Whereas GO+PC samples had 
significantly lower values of haemolysis from around 1 to 4% 
also linked to the GO-PC flakes size reduction.  
In Fig.4 three representative confocal images of erythrocytes 
(a), erythrocytes after interaction with GO+PC (b) and after 
interaction with GO (c) are shown. The haemolytic activity of 
GO is clearly visible from the loss of the typical RBCs rounded 
shape. In the samples (b) and (c) fluorescent GO-PC and GO 
flakes can be also observed. 
Conclusions 
In conclusion, since GO flakes and injectable GO-related 
particles of different size could be used for biomedical 
applications
1,2
, in this paper we evaluated the GO and GO+PC 
biocompatibility with the red blood cells. We found that GO 
flakes have a very strong haemolytic activity increasing with 
the GO flakes size reduction. This activity was almost absent 
when the plasma protein corona was absorbed on the GO 
flakes surfaces. This phenomenon should be ascribed to the 
complex structural differences between GO+PC and GO such 
as surface charge, ROS production and absence of extremely 
sharp edges of graphene nanowalls. Similar haemolytic activity 
reduction has been recently observed on GO flakes coated by 
chitosan and amine, demonstrating that particle size, 
particulate state, oxygen content and surface charge of 
graphene have a strong impact on biological/toxicological 
effects on red blood cells. Finally we want to point out that our 
results highlight the fundamental and general role played by 
the plasma protein corona on the nano and micro GO flakes 
toxicity. Conversely, experiments describing a direct 
interaction between graphene-related particles and cells are 
not able to correctly determine the particles uptake and 
toxicity. 
Fig. 2 AFM images of GO (a) and GO+PC (b). In (c), (d) two line profiles show the 
height of both samples. 
Fig. 3 (a) Photograph of RBCs samples after 3h exposure to GO (first row) and 
GO+PC (seconder row) at different sonication times (1,5,10,20 minutes). (b) UV-
VIS spectra of GO samples at different sonication time. (c) Percentage of 
haemolysis for both GO and GO+PC samples, calculated with eq.(6) (d) UV-Vis 
spectra of GO+PC samples at different sonication time.  
Fig.4 Representative confocal images of erythrocytes (a), erythrocytes after interaction 
with GO-PC (b) and after interaction with GO (c).  
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